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INTRODUCTION 

I n  recent years, some emphasis has been g iven t o  producing premium l i q u i d s  by mi ld  
g a s i f i c a t i o n  o f  coal'-3. The p r i n c i p l e  product from t h e  m i l d  g a s i f i c a t i o n  process i s  
a p a r t i a l l y  d e v o l a t i l i z e d  coal  t h a t  must be e f f e c t i v e l y  u t i l i z e d  (burned o r  gas i f ied)  
t o  he lp  the  o v e r a l l  economics o f  the process. The loss o f  v o l a t i l e  mat te r  ind ica tes  
l o s s  o f  hydrocarbon m a t e r i a l s  f rom the coal  t h a t  can in f luence r e a c t i v i t y  and 
combustion c h a r a c t e r i s t i c s  such as i g n i t i o n ,  f lame s t a b i l i t y  and carbon burn-out.  

A l a r g e  number o f  s tud ies  have been conducted on the  o x i d a t i o n  r e a c t i v i t y  and 
combustion proper t ies  o f  coal   char^^.^. However, the  m a j o r i t y  o f  these s tud ies  have 
focused on chars prepared i n  l a b o r a t o r y  reac tors  under r a p i d  heat ing  r a t e s  (1O4'C/sec). 
A few studies have d e a l t  w i t h  t h e  i g n i t i o n 7  and r e a c t i v i t y  o f  i n d u s t r i a l  process 
chars'. R e a c t i v i t i e s  o f  chars prepared under m i l d  p y r o l y s i s  cond i t ions  have been 
r e c e n t l y  reportedg. Fuels prepared i n  l a b o r a t o r y  r e a c t o r s  by heat ing  coa ls  a t  12.5 t o  
2O'C/min t o  500'C were more r e a c t i v e  than e i t h e r  t h e  parent  coals o r  chars produced 
a t  h igher  p y r o l y s i s  temperatures. The present authors repor ted  the r e a c t i v i t i e s  of  
chars prepared from an I l l i n o i s  coal under var ious  p y r o l y s i s  condi t ions".  The r e s u l t s  
suggested t h a t  lower p y r o l y s i s  temperatures, h igher  heat ing  ra tes ,  and s h o r t e r  soak 
times increased r e a c t i v i t y .  

I n  t h i s  paper, the  r e a c t i v i t i e s  and i g n i t i o n  temperatures o f  chars der ived  from an 
I l l i n o i s  coal i n  a p i l o t  scale reac tor  under m i l d  g a s i f i c a t i o n  cond i t ions  are reported. 
The paper focuses on the  in f luence o f  v o l a t i l e  mat te r  and p a r t i c l e  s i z e  on char 
r e a c t i v i t y  . 
EXPERIMENTAL 

Char PreDaration 

Chars, a lso  r e f e r r e d  t o  as p a r t i a l l y  d e v o l a t i l i z e d  (PD) coals, were produced i n  the 
M i l d  G a s i f i c a t i o n  U n i t  a t  Un i ted  Coal Company Research Corporat ion i n  B r i s t o l ,  V i r g i n i a  
i n  October 1986. The coal  was from the  I l l i n o i s  Basin Coal Sample Proyam, Sample I B C -  
103. The d e t a i l s  o f  PO coal  p roduc t ion  have been repor ted  elsewhere' . I n  b r i e f ,  the 
PD coals were prepared by heat ing the  coal  under a s l i g h t  vacuum i n  a f i x e d  bed r e a c t o r  
(8 - inch  diameter, and 8 - f o o t  long) which was loca ted  i n s i d e  a n a t u r a l  gas f i r e d  
furnace. The furnace temperature was kept a t  760'C d u r i n g  the  produc t ion  runs. Three 
PD coals designated as PO-1, PO-2, and PO-3 were prepared a t  residence t imes o f  1.70, 
2.90 and 3.17 hours. 

F ive  s i z e  f r a c t i o n s  of  coa ls  and PD coals were prepared by g r i n d i n g  the  -8 mesh f u e l s  
i n  a r o d  m i l l .  The crushed samples were dry  s ieved t o  ob ta in  65x100, 100x150, 150x200, 
200x270, and 270x400 mesh f rac t ions .  The samples were s to red  under n i t r o g e n  t o  prevent 
ox ida t ion .  
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Ianitabilitv Tests 

An ignitability test apparatus, shown in figure 1, was used to determine ignition 
temperatures of fuels. It consisted of an oxygen reservoir, a sample holder tube, a 
quartz reactor tube and an electric furnace. Fuel particles were injected into the 
reactor by oxygen gas through a built-in orifice. Six thin wire (0.0076 cm) type K 
thermocouples spaced at 2 cm apart measured axial temperature variations inside the 
reactor. The thermocouples were interfaced with a computer for automatic data 
collection. Typical data acquisition rates were six simultaneous measurements at 50 
millisecond intervals. 

In a typical ignition test, 20 mg of sample was injected into the preheated (between 
390 and 500'C) reactor. The volume of oxygen carrier gas used to inject the sample 
was 10 cc at 5 to 7 psig. The relatively low pressure and volume of the carrier gas 
ensured that the fuel particles traveled with velocities approaching their free fall 
velocities inside the reactor. 

Criteria for positive ignition were a brilliant flash and an abrupt increase in 
temperature inside the reactor during the test. If a negative test was noted, the 
reactor temperature was increased in 5'C increments and the test procedure was 
repeated. 

Thermoaravi me tri c Tests 

An Omnitherm thermogravimetric analyzer (TGA) which was interfaced with a computer 
was used to obtain burning profiles (non-isothermal TGA) and isothermal reactivity 
data. Burning profiles were obtained by heating a sample mass of < 5 mg at a constant 
rate of 20'C/min in air to 850'C. 

In isothermal reactivity tests, a sample mass of 2 to 4 mg was heated at 5O'C/min under 
nitrogen flow to 550'C. The sample was then cooled to between 400 and 525'C and the 
nitrogen flow was replaced with dry air flowing at 200 cc/min. The weight of the char 
remaining, the rate of weight loss, and temperature were monitored by the computer at 
5 to 40 second intervals depending on the reaction temperature. A modified TGA quartz 
furnace tube was used to obtain reliable rate data in the initial stage of oxidation". 
The objective was to achieve the desired oxygen concentration in the furnace tube as 
quickly as possible. 

A gas flow rate of 200 cc/min (STP) was used. 

DroD Tube Furnace Tests 

These tests were conducted using the University of North Dakota Energy and Minerals 
Research Center drop tube furnace (DTF). The details of the furnace assembly, are 
given elsewhere". 

Combustion tests were performed on the 65x100 and 270x400 mesh size fractions of the 
coal and three PO coals. The furnace temperatures selected were 9OO'C and 1300'C. 
The gas in the tube furnace (6.5 cm i.d.) contained 3% oxygen - 97% nitrogen and flowed 
at a nominal rate o f  5 l/min. The flow rate was chosen to keep the residence times 
within a single furnace segment for nearly all the tests. The flow rate was adjusted 
to give residence times of 0.1 and 0.8 seconds. Carbon conversion efficiencies were 
calculated using the ash tracer method. 
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RESULTS AND DISCUSSION 

Characterization of Fuels 

The analyses of the coal and PD coals are summarized in tables 1 and 2. The volatile 
matter content, hydrogen and fixed carbon were nearly identical for the five size 
fractions of coal. However, for PD coals, volatile matter and hydrogen contents 
increased while carbon contents decreased with decreasing particle size range. The 
amount of volatiles increased from 24.8% to 29.2% for PD-1, from 15.7% to 21.3% for 
PD-2, and from 11.5% to 15.7% for PD-3 as particle size range decreased from 65x100 
mesh to 270x400 mesh. Hydrogen content remained unchanged for PD-1 samples but 
increased by 21% for PD-2 and by 41% for PD-3 samples. 

Comparison of the devolatil ization profile (non-isothermal TGA under nitrogen 
atmosphere) of the fuels indicated that a major decomposition stage for the coal and 
PO coals occurred between 380 and 530'C'2. The average weight losses were 25.6, 14.0, 
7.4, and 4.8% for coal, PO-1, PD-2, and PO-3 respectively. These results confirmed 
the presence of varying amounts of coal-like materials in the PD-coals. This was 
attributed to the manner in which PD coals were prepared. Because the reactor was 
externally heated, the temperature at the wall of the reactor was much higher than at 
the center. Therefore, the coal particles near the wall were highly devolatilized 
whereas those at the center were not. The devolatilization profiles suggest that a 
fraction of coal was never devolatilized during processing. 

Burnina Profiles 

Burning profiles obtained for the 65x100 mesh coal, PD-1, PD-2, and PD-3 coals are 
shown in figure 2. The profiles are offset to avoid overlap. The onset of burning 
was about 375'C for all the samples. However, there are clear differences among the 
burning profiles. Raw coal exhibited a single-burn profile, while double-burn profiles 
were observed for PD-1, PD-2 and PO-3. The second burn appeared as a shoulder peak 
for PD-1 and became more pronounced for PO-2 and PD-3. The double-burn behavior 
observed for the PD coals suggested the presence of at least two types of combustibles 
in the fuels. The two portions of combustibles burned in two distinct stages with peak 
burn rates at approximately 500'C and 550'C. The higher reactivity constituents (low 
temperature burn) had burning properties similar to coal and was present in larger 
concentrations in PD-1 followed by PO-2 and pC1-3~'. Fuels with higher volatile matter 
content burned more rapidly. For example at 500'C, the amount of combustible materials 
burned (not shown) was 70% for the raw coal, 55% for PD-1, 40% for PO-2, and 20% for 
PD-3. Differences in volatile matter had the greatest impact on burn-out temperatures 
which were 580, 630, 660 and 690'C for the coal, PO-1, PD-2 and PD-3. The results 
indicate that under the conditions used, raw coal was the most readily combusted fuel, 
followed by PD-1, PO-2 and finally PD-3. 

Ianition TemDeratures 

The effect of volatile matter on ignition temperatures is presented in figure 3. 
Ignition temperatures varied between 406 and 494'C and were independent of volatile 
matter (except for 270x400 mesh fuels) in the range of 28 to 41% (daf). Below 28%, 
the volatile matter effect on ignition temperature appears to be significant among all 
the different particle size fractions tested (ignition temperature increased between 
40 and 7O'C). However, it has been shown in the literature that the role o f  volatile 
matter on the ignition temperature is little or none7 (heterogeneous ignition 

i 
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theory).  Therefore, t h e  d i f f e r e n c e s  i n  i g n i t i o n  temperatures observed could be 
a t t r i b u t e d  t o  i n h e r e n t  r e a c t i v i t y  d i f f e r e n c e s  among the f u e l s  tes ted .  

The in f luence o f  p a r t i c l e  s ize  on i g n i t i o n  temperature i s  i l l u s t r a t e d  i n  f i g u r e  4. 
The p a r t i c l e  s i z e  dependence o f  i g n i t i o n  temperature appeared t o  be r a t h e r  m i l d  w i t h  
a spread o f  30'C separa t ing  the  studied s i z e  f r a c t i o n s .  With t h e  except ion o f  the 
65x100 mesh f r a c t i o n  (180pm average p a r t i c l e  s ize) ,  the i g n i t i o n  temperatures f o r  the 
coal  and PD coa ls  increased w i t h  decreasing p a r t i c l e  s ize .  I g n i t i o n  curves e x h i b i t e d  
a minimum a t  100x150 mesh s i z e  range (130pm). 

The presence o f  a minimum on the  i g n i t i o n  curves and the  observed narrow temperature 
d i f f e r e n c e  among d i f f e r e n t  s i z e  f r a c t i o n s  could be a t t r i b u t e d  t o  cont r ibu t ions  o f  
p a r t i c l e  and c l o u d  i g n i t i o n .  According t o  t h e  Semenov thermal exp los ion  theory13, 
which i s  commonly used t o  model s i n g l e  coal p a r t i c l e  i g n i t i o n ,  l a r g e  p a r t i c l e s  i g n i t e  
a t  lower temperatures. However, i t  has been shown t h a t  under dus t  c loud cond i t ions ,  
i g n i t i o n  temperatures o f  f i n e  p a r t i c l e s  are lower than those o f  l a r g e   particle^'^. I n  
t h i s  work, regardless o f  p a r t i c l e  s ize  range, a constant sample mass o f  20 mg was used. 
Therefore, samples c o n t a i n i n g  f i n e r  p a r t i c l e s  had h igher  sol  i d  mass d e n s i t y  (mass/unit 
r e a c t i v e  volume) than those conta in ing  coarser p a r t i c l e s ,  and the  i g n i t i o n  approximated 
cloud i g n i t i o n  r a t h e r  than p a r t i c l e  i g n i t i o n .  As a r e s u l t ,  there  was a s h i f t  from dus t  
c loud i g n i t i o n  t o  s i n g l e  p a r t i c l e  i g n i t i o n  as p a r t i c l e  s i z e  range increased. Because 
the  opposi te na ture  o f  these two mechanisms o f f s e t  the  o ther ,  a minimum and a narrow 
temperature d i f f e r e n c e  were observed f o r  i g n i t i o n  curves o f  the  f u e l s .  

Isothermal R e a c t i v i t v  Studies 

I n i t i a l  r e a c t i v i t y  t e s t s  were conducted a t  475'C. The data were used t o  c a l c u l a t e  
apparent r a t e ,  R, 

and 

where f = f r a c t i o n  combust ib le remaining a t  t ime t, M = mass o f  sample a t  t ime t, 
M = i n i t i a l  sample mass, Ma = mass o f  sample a t  complete conversion, i . e .  ash. A t  
475'C, the  r a t e s  were t h e  same f o r  a l l  p a r t i c l e  s izes,  i n d i c a t i n g  the  data were 
obtained under d i f f u s i o n - f r e e  cond i t ions .  The apparent r a t e s  a t  50% conversion were 
0.013, 0.025 and 0.062 g/g/min f o r  PD-1, PD-2 and PD-3, r e s p e c t i v e l y .  The r a t e  f o r  
a char (18% v o l a t i l e  mat te r )  t h a t  was prepared i n  the TGA a t  500'C under n i t r o g e n  
atmosphere was 0.2 g/g/min. 

Add i t iona l  t e s t s  were performed a t  temperatures between 400 t o  525'C t o  evaluate 
a c t i v a t i o n  energies f o r  t h e  ox ida t ion  o f  200x270 mesh f u e l s .  I n  f i g u r e  5, the values 
o f  I n ( - d f / d t / f )  eva lua ted  a t  50% b u r n - o f f  are p l o t t e d  against  1/T. The a c t i v a t i o n  
energies obtained from t h e  slopes o f  t h e  p l o t s  were 146, 137, 134, and 125 kJ/mole f o r  
the  500'C char, PD-1, PD-2 and PD-3. The observed a c t i v a t i o n  energies are comparable 
w i t h  p rev ious ly  repor ted  values f o r  var ious  types o f  coal charssog. The data shown i n  
f i g u r e  5 i n d i c a t e  t h a t  t h e  500'C char i s  2.5, 6.2, and 9.5 times more r e a c t i v e  than 
PD-1, PD-2, and PD-3. 
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DroD Tube Furnace Tests 

F igure 6 shows carbon conversion a t  9OO'C f o r  0.1 and 0.8 second residence times fo r  
65x100 mesh and 270x400 mesh s i ze  f r a c t i o n s  o f  coal  and PD coals .  Carbon conversions 
ranged from 10 t o  28% a t  0.1 second residence t ime and from 10 t o  75% a t  0.8 seconds 
residence t ime as v o l a t i l e  matter content increased from 12 t o  40% (da f  bas i s ) .  These 
data i n d i c a t e  t h a t  1) the f r a c t i o n  o f  carbon burned increased w i th  i nc reas ing  v o l a t i l e  
mat ter ,  w i t h  a l a r g e r  increase noted a t  0.8 seconds, and 2) t he  e f f e c t  o f  residence 
t ime on carbon l o s s  was more pronounced f o r  f u e l s  w i t h  h ighe r  v o l a t i l e  ma t te r  content. 
The p a r t i c l e  s i z e  e f f e c t  on carbon conversion was smal l ,  al though i t  was more 
pronounced a t  longer  residence times. 

Carbon conversion data a t  1300'C are shown i n  f i g u r e  7. Carbon conversion increased 
w i t h  increas ing v o l a t i l e  mat ter  and increas ing residence t ime. The data i n d i c a t e  t h a t  
t he  e f f e c t s  o f  v o l a t i l e  mat ter  and residence t ime  on carbon conversion were more 
pronounced a t  the h igher  furnace temperatures. The percent o f  carbon combusted a t  
1300'C and 0.8 second residence t ime va r ied  between 62 and 90 f o r  the 65x100 mesh s i ze  
f r a c t i o n s  and between 72 and 99 f o r  t he  270x400 s i z e  f r a c t i o n s  as v o l a t i l e  content o f  
f u e l s  increased from 10.5 t o  40% (daf  bas is) .  Data a lso revealed t h a t  carbon 
conversion curves a t  1300'C and 0.1-second were almost i d e n t i c a l  t o  those a t  900°C and 
0.8 second. This  observation i nd i ca tes  t h a t  temperature and residence t ime are 
i n t e r r e l a t e d .  

The DTF data suggest t h a t  var iab les which had s i g n i f i c a n t  i n f l uence  on t h e  combustion 
e f f i c i e n c y  were temperature and residence time, fo l l owed  by f u e l  type ( v o l a t i l e  mat ter )  
and p a r t i c l e  s ize.  S t a t i s t i c a l  analyses o f  t he  t e s t  da ta  i nd i ca ted  t h a t :  1) there 
was no i n t e r a c t i o n  between v o l a t i l e  mat ter  and any o the r  va r iab le ,  and 2) external  
p a r t i c l e  sur face area was a c o n t r i b u t i n g  f a c t o r .  Th is  i nd i ca tes  t h a t  a t  h igh  
combustion temperatures, burning r a t e s  were p a r t i a l l y  c o n t r o l l e d  by the external  mass 
t r a n s f e r  r a t e .  F i n a l l y ,  DTF data revealed s i m i l a r  trends in, r e a c t i v i t y  as t h a t  
obtained w i t h  the  TGA method. 

CONCLUSIONS 

Fuels used i n  t h i s  study consisted o f  a m ix tu re  o f  h i g h l y  d e v o l a t i l i z e d  coal  and 
r e l a t i v e l y  unheated coal  w i t h  the  p ropor t i on  o f  each depending on the o v e r a l l  v o l a t i l e  
mat ter  content. Burn-out temperature and i g n i t i o n  temperatures increased s i g n i f i c a n t l y  
w i t h  decreasing v o l a t i l e  mat ter  below 28%. High-temperature drop tube furnace t e s t s  
revealed t h a t  temperature and residence t ime a f fec ted  combustion e f f i c i e n c i e s  most, 
fo l lowed by f u e l  v o l a t i l e  matter content  and p a r t i c l e  s ize.  
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Table 1. Analyses o f  coal*, w t %  (dry basis)  

V o l a t i l e  Mat te r  39.2 Hydrogen 4.9 
Fixed Carbon 52.4 Carbon 73.8 
H-T Ash 8.4  Ni t rogen 1.7 
BTU/1 b 13437 Oxygen 8.7 
Mo is tu re  5.4 S u l f u r  2.3 

Ch lor ine  .2 

* I l l i n o i s  hv8b coal .  Predominantly S p r i n g f i e l d  (No. 5) ,  20% H e r r i n  (No. 6)  blended 
a t  washing p lan t .  

Table 2. Charac ter iza t ion  data f o r  chars 

P a r t i c l e  
s ize ,  mesh 65x100 100x150 150x200 200x270 270x400 

PD-1 
v o l a t i l e  mat te r  24.8 24.6 25.7 27.8 29.2 
f i x e d  carbon 75.2 75.3 74.3 72.2 70.8 
hydrogen 3.9 3.9 3.9 4.0 4.0 

PD-2 
v o l a t i l e  mat te r  
carbon 
hydrogen 

15.7 15.9 17.3 19.5 21.3 
84.2 83.8 82.7 79.9 78.7 

2.5 2.7 2.8 2.9 3.1 

PD-3 
v o l a t i l e  mat te r  11.5 11.7 12.4 13.7 15.7 
carbon 88.5 88.3 87.5 85.5 84.2 
hydrogen 1.8 1.9 2.0 2.2 2.5 
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Figure 4. Effect of particle size on 
ignition temperature. 
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Figure 6. Effect of volatile matter content 
on carbon conversion in the drop tube 
furnace at 908 C. 

Figure 7. Effect of volatile matter content 
on carbon conversion in the drop tube 
furnace at 13OO0C 
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